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Development of the Mariner C Solar Panel Deployment System 

at * 
Jet Propulsion Laboratory (A) 



In April 1962, the Jet Propulsion Laboiatory (JPL) completed the 
preliminary design of a spacecraft known as Mariner B. NASA planned to 
send the Mariner B to Mars in 1964 using a Centaur boost vehicle. Soon 
afte. IPL began detailed design work on the spacecraft, difficulties arose 
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building a spacecraft which an Agena D could boost. A study showed that 
this was possible and JPL was told to proceed on the program. Mars would 
come within shooting range of the Agena D during November 1964, and 
would not be within range again for another 25 months. JPL would have to 
deliver three assembled spacecraft to Cape Kennedy in September 1964. 
There would be less than 2 1/2 years in which to develop the Mariner C. 
Since the Agena D had only about 1/2 the thrust of the Centaur, the new 
spacecraft (to be called Mariner C) would be severely weight constrained. 



* 



The efforts described in this case study represent the results of one phase of 
research carried out at the Jet Propulsion Laboratory, California Institute of 
Technology, under Contract No. NAS 7-100, sponsored by the National 
Aeronautics and Space Administration. 



(c) 1969 by the Board of Trustees of the Leland Stanford Junior University. 
Prepared in the Design Division of the Department of Mechanical Engineering 
by Sue Hays under the direction of Professor H. O. Fuchs with financial support 
from the National Science Foundation. This is a condensation of a case history 
written by engineering students R. Kerr, R. Weftzmann, and C. Yokomizo at 
the University of California at Berkeley under the supervision of Professor R. F. 
Steidel, Jr. 
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JPL, which is operated by the California Institute of Technology under 

a NASA contract, develops unmanned spacecraft to aid in increasing scientific 
knowledge of lunar and interplanetary space. The Laboratory has seven technical 
divisions: Systems, Space Science, Telecommunications, Guidance and Control , 
Engineering Mechanics, Engineering (test) Facilities, and Propulsion. In addition, 
each major project has its own organization. (Exhibit A-l shows part of the 
organization for the Mariner C project.) At the time NASA asked JPL to consider 
developing the Mariner C, previous JPL projects had included the Explorer program, 
which produced the first United States satellite, the Pioneer program, the Mariner II 
program, and the Ranger program, which resulted in a rough landing attempt on the 
,. > Kan^cj piotfikiih lw fJ;wl wcjia^li Ihc luiiui sijifauc- would piouced simul - 
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The conceptual design of a spacecraft requires interaction between people 
representing many technical disciplines and interests. At JPL, such efforts are 
coordinated by a Spacecraft System Project Engineer. The man assigned to head 
up the conceptual design on Mariner C was Mr. John Casani. The Mariner C design 
team adapted a unique approach for defining the mission in greater detail . Every 
morning, a list of tasks for Mariner C to perform on its mission would be outlined. 
During the day the team would discuss such aspects of the proposed mission as 
feasibility, power, and weight limitations. A new mission would then be outlined 
for consideration the next day. 

Detailed study was limited to a "fly-by" mission; that is, to a mission which 
would orbit the spacecraft relatively close to Mars. This type of mission was 
thought to be quite likely to succeed and to yield more desirable data than missions 
which would place the spacecraft on an impact course with Mars or place it in a 
very large orbit about Mars. Originally, the design team constrained itself to 
working with modifications of spacecraft such as Mariner II and Ranger. Such an 
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approach is an economical one if the desired performance can be obtained. 
However, after a week of considering various fly-by requirements, it became 
apparent to the design team that more than simple modifications would be re- 
quired to meet the stringent weight limitations. 

The Mariner C Project Engineer for the Spacecraft Development Section 
of the Engineering Mechanics Division was Mr. James Wilson. This Division 
had responsibility for spacecraft structures, mechanisms, temperature control, 
electronic packaging and cabling, a large part of the configurational design, 
ground handling equipment, and mechanical design support to other JPL tech- 
nical divisions. After a week of preliminary design effort, Mr. Wilson told 
Mr. Casani that he felt that 50 lbs. of weight could be saved by going to a 
fresh configuration rather than attempting to retain Mariner II and Ranger 
structural concepts, Mr. Casani gave Mr, Wilson the go-ahead on a Friday 
afternoon, and Mr. Wilson's section spent most of the week-end looking at new 
configurations. Quick layouts and weight calculations verified the estimated 
weight savings. The system weight could be reduced to a value within the 
capability of the Atlas Agena D by using some rather radical structural approaches. 

Because of decreased solar intensity in the vicinity of Mars solar power 
sources for Mars spacecraft assume increasing importance from a weight stand- 
point. During the early pha ses of the Mariner C study, nuclear power was con- 
sidered. However, because of the problems of nuclear integration, the relatively 
small amount of power required, and successful experience with solar power, the 
design team decided quite early to use solar panels on the Mariner C. Mr. Wilson's 
section was responsible for the design of the geometrical configuration and structure 
of the solar panels. The electrical aspects of the solar panel design and fabrica- 
tion were the responsibility of the Guidance & Control Division. The engineers 
involved took into consideration the performance of solar panels on previous space- 
craft as well as advances in the state of the art. They decided to use four 3 foot 
by 6 foot rectangular panels. Attitude control jets would be mounted on the tips 
of the panels rather than on the body of the spacecraft. Since the jets would have 
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greater moment arms, the required jet force would be less, and fifteen pounds of 
spacecraft weight would be saved. 

As detailed design of the Mariner C progressed, the design began to 
"gain weight' 1 ; most spacecraft designs do. When the first weight crises arose 
in late 1962, Mr. William Layman, an engineer in the Engineering Mechanics 
Division, had an idea about a way to reduce weight. He estimated that the 
weight of the solar panels could be halved if point damped supports were used 
to control their fundamental resonance during the initial boost. Mr. Layman had 
developed a sliding concentric tube damper (see Exhibit A-2) to reduce the reson- 
ant e displacements of an antenna on the Maiinei II . Layman had later suggested 
lluil lli*» (Ifirnpci bp uwl to %uf>poil %olai ponoU on I)>p Kanjjm \\hu pc mil . 
Although vibration tests verified that the dampers would reduce panel vibration, 
problems arose in developing the sliding tube dampers, and they had not been 
flown on the Ranger, 

The structural engineers were the chief objectors to the idea of using damped 
solar panels on the Mariner C. They argued that their analytic capabilities were 
limfted to lightly damped structures with linear characteristics. Layman's proposal 
involved heavy, nonlinear damping. Furthermore, no previous spacecraft system 
had had its success contingent upon the successful operation of dampers. Their 
use involved some risk and appeared to violate Mariner C project guidelines. 

Mr. Layman, however, was able to convince Mr. Wilson that the solar 
panels should be damped. The two of them convinced Section Chief William 
Schimandle. Because Mr. Schimandle was also Project Manager for the Division, 
he was able to override the protests of the structural engineers. When the use of 
damped solar panels was recommended to the Project Office, the Office decided 
to accept the risk irvolved. In December 1962, the Office modified the proposed 
plan for the solar panel system to include the use of dampers. 
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The spacecraft would be an octagonal structure with four damped solar 
panels extending from the structure to form a cross. Radio antennas would be 
located above the octagon. Optical equipment for taking television pictures 
of Mars and for tracking Canopus, the reference star, would be located below 
the octagon. The spacecraft would be about 9 1/2 feet in height, 5 feet in 
diameter and about 22 1/2 feet from panel tip to panel tip. See Exhibits A-3 
and A-4 for photographs. 
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Development of the Mariner C Solar Panel Deployment System 
Jet Propulsion Laboratory 
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Exhibit A-l Chart, Mariner Project Organization 

Exhibit A-2 Photograph, Mariner C Concentric Tube Damper 

Exhibit A-3 Photograph, Mariner C Spacecraft Folded 

Exhibit A-4 Photograph, Mariner C Spacecraft Deployed 
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Mariner C Spacecraft With Solar Panels Deployed 
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Development of The Mariner C Solar Panel Deployment System 

At 

Jet Propulsion Laboratory (B) 



It was crucial to the success of the Mariner C mission that the solar panels 
deploy properly and that they not be damaged. Not only did the panels provide 
the main source of power for the spacecraft, but also the attitude control jets 
would be mounted to the tips of the panels. Unless all four panels deployed 
satisfactorily, it would be impossible to stabilize the spacecraft properly. 
Mechanisms such as those used to deploy solar panels are the proverbial nail 
in the horseshoe. If they fail the entire mission may be lost. In the case of 
Mariner C, the penalty would have been $125, 000, 000 and two years delay 
in the exploration of Mars. As a result, development of spacecraft mechanisms 
is never taken lightly. However, mechanism design and development is a very 
tricky business. No matter how conceptually simple, performance is seldom 
completely predictable. 



The panel deployment system used by JPL on the Ranger and Mariner II 
had worked satisfactorily, and JPL engineers originally intended to use the 
same system, with a few minor changes in hardware, on the Mariner C. This 
deployment system was a set of hydraulically damped linear actuators — one 
for each solar panel. Each actuator consisted of a compression spring supplying 
force to a push rod with silicone oil as the damping fluid. 

In addition to the damped actuators used for deployment, the solar panels 
would need "boost dampers" and "cruise dampers". Two boost dampers would 
hold each solar panel in a vertical position on top of Mariner's octagonal base 
structure during the boost. These dampers would protect the delicate panels 
from excessive vibration. When the panels reached their full deployment posi- 
tions, they would latch onto cruise dampers which would keep the panels from 
"flapping" during the mid-course maneuver. 
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As development of the Mariner C system progressed, many engineers began 
to worry about using the existing linear solar panel actuators. They were afraid 
that the silicone oil in the actuators might leak during the long flight (eight months) 
and contaminate the temperature control surfaces and the optical instruments. In 
addition, the engineers discovered that they would have to extend the stroke of 
the actuators to adapt them to the Mariner C. This meant adding an additional 
linkage to each actuator thereby increasing weight. 

During the development of the Mariner II, an earlier JPL spacecraft, Mr. 
Richard Moore of Mr. Schimandle's section had tried to think of alternate ways of 
deploying the solar panels. One concept which occurred to him was to use a 
torsion bar actuator to supply the deployment torque and a centrifugal friction 
brake to damp the panel motion. Each torsion bar and each friction brake would 
have one end mounted to a solar panel and the other to the octagonal base 
structure, A planetary gear box would multiply the panel velocity, in order to 
produce a centrifugal force which would cause friction pads in the brake to 
contact a brake lining. This friction damping would hold the deployment 
velocity constant. 

This scheme seemed potentially advantageous because of its rotary opera- 
tion. Mr. Moore was therefore told to design such an actuator to be used on 
the Mariner C. 

In January 1963, Mr. Moore became Cognizant Engineer for the entire 
panel system. At that time the status of the deployment system was indicated 
by the following definition: 

Four panels 3 by 6 feet, hinged at one end to the octagonal base 
structure of the spacecraft, are to be deployed simultaneously at 
a controlled rate through approximately 90°. Deployment shall be 
completed within 45 seconds after the panels are released from the 
boost dampers by explosive squib pin pullers. The initial design of 
the torsion bar actuator is to be continued and, once developed, 
shall be used to deploy the panels. 
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Dynamic coupling between the panels and the base structure 
shall be provided by means of a damper for each panel to 
specifications which will be given by the Dynamics Group. 
Contact between the panel and the damper shall be established 
by latching the deploying panel to the damper. 

For the most part, the deployment performance requirements (45 seconds) were 
based on experience with previous spacecraft. As Mr. Barlow, Mr. Moore's 
group leader, said, "This is the way we had always done it, earlier missions 
had successfully been flown with these specifications under similar panel con- 
figurations. After a program has begun, it is almost always too late to try some- 
thing which has never been done before. There are too many risks involved with 
radically new concepts, and these risks are difficult to accept on a limited time 
basis. " 

Soon after Mr. Barlow made Mr. Moore Cognizant Engineer, he offered 
an engineering position to Mr. Elliot. Mr. Elliot had recently graduated from 
college with a degree in Mechanical Engineering and had been working at JPL 
on the Ranger program for about a year. Barlow gave Elliot some of the jobs 
Moore had had before he became Cognizant Engineer. Mr. Elliot now became 
responsible for the solar panel deployment system. 

By March 1963 a prototype of the torsion bar actuator had been made, and 
Mr. Elliot began testing it. The actuator is shown in Exhibit B- 1 . These actuators 
were rather heavy — four of them weighed a total of 4.5 pounds. As is usually 
the case with newly developed mechanisms, several problems occurred in test. 
The planetary gear drive was improperly designed so that actuation torque was 
inadequate. The high stress level in the torsion bar caused unacceptable plastic 
deformation. The design obviously required additional development and was 
nowhere near as satisfying in hardware form as it had been in concept. At this 
stage there was one year remaining before the completed spacecraft was to begin 
final flight acceptance testing. The hardware freeze date was rapidly approaching. 
Quite a bit of design and development effort had been invested in the torsional 
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actuator. However, since more effort was required, Mr. Elliot and Mr. Moore 
decided to consider the deployment problem anew. 

After some thought, Mr. Elliot suggested that the torsional actuators be 
abandoned. He suggested that the panels be individually spring loaded as before, 
but that all of them be retarded by one central retarder. He hoped his idea 
would increase the reliability of the system and decrease its weight. The central 
retarder which he proposed would be attached by cables to each of the panels 
and would allow them to open simultaneously in about 45 seconds. The retarder 
assembly itself would be a hydraulic vane torque brake which would damp motion 
by forcing fluid from one side of a vane to the other through a tapered orifice. 
Mr. Elliot had tried to minimize the possibility of fluid leakage in his design. 
Furthermore, he wanted to use alcohol instead of silicone oil as the damping 
fluid because alcohol, should it leak out, would not leave a film on the optical 
lenses. 



In late June 1963, Mr. Elliot presented his central retarder idea to a 
Design Review Board which consisted of certain JPL engineering staff members 
The only difficulty Elliot foresaw with his idea was that air bubbles might form 
in the liquid as the retarder was filled. Air bubbles would prevent smooth 
retardation of the panels. In general, the Design Review Board liked the 
central retarder idea. The Board members agreed that the new design would 
be lighter, cheaper, and more reliable than the torsion bar actuator design. 
The total weight of the new system would be 3.5 pounds — one pound less 
than the weight of the torsion bar system. The Board decided that the filling 
of the retarder could be done in a vacuum to prevent formation of air bubbles. 
The Board members could not agree as to whether alcohol or silicone oil should 
be used, however. One group of members wanted to pursue the alcohol idea. 
Silicone oil could be used if trouble developed, they claimed. The other 
members argued that all development time should be spent on the oil system. 
They pointed out that the actuator parts would be better lubricated and better 
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damped. Eventually, the Board decided to try using alcohol as the damping 
fluid. This decided, the Board examined the mechanics of the retarder, the 
connecting cables, and the deployment springs. A total of sixteen recommen- 
dations were made on the recommended design. These recommendations ranged 
from the use of better seals to the generation of test plans to uncover any addi- 
tional problems which might develop. 

Mr. Barlow and Mr. Wilson decided to do a complete failure mode analysis 
of the central retarder concept. The purpose of the analysis would be to examine 
critically the failure possibilities in the system, to assess the impact these fail- 
ures would have on the spacecraft, and to recommend corrective measures. 
Exhibit B-3 is a summary of the failure mode analysis which Mr. Barlow and 
Mr. Wilson conducted. 

The Design Review Board met again in August 1963 to discuss the failure 
analysis. The Board felt that the most serious, and most probable failure mode 
would be unretarded motion of a solar panel. (This is referred to in the summary 
as "free fall" although the panels are deployed by springs, not by gravity.) 

At this meeting, the Board was less impressed by the central retarder design. 
An excerpt from a summary of the Boards views says: 

The general consensus of the Board was that the current design 
left a bad taste in its mouth. Whether these feelings are the 
result of poor engineering or poor aesthetics may never be 
ascertained. At any rate, the feeling was that the basic system 
should be reexamined, simplified, cleaned up aesthetically, 
thoroughly tested, and thrown away. 

The Board made several specific recommendations which included the following: 

1 . Latch cables to panel after panel is folded up. This should 
minimize the possibility of cable snarling. 
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2. Check case of panel free fall to determine if panel is 
damaged. 

3. Look for alternative deployment approaches (one likely 
contender is to let the panels free fall, stopping them 
with the damper which is to provide the dynamic coup- 
ling and a piece of balsa wood to absorb excess energy. 

Since June, Mr. Elliot had been following the recommendations made in 
the first Review Board meeting. Tests made on prototype models demonstrated 
that using alcohol would require extremely tight fits and tolerances. He there- 
fore had to discard the alcohol idea and return to silicone oil. Other tests 
revealed other difficulties with the central retarder. Oil leakage was still a 
problem. The temperature compensation scheme was inadequate. There were 
also difficulties with the negator leaf springs which were to be used to deploy 
the panels. 

In January 1964, Mr. Elliot left JPL, The Mariner C time schedule 
dictated that the complete spacecraft enter the space simulation chamber for a 
flight acceptance test in July 1964 — six months remained in which to com- 
plete the panel deployment system. Considering the short time left before 
testing was to begin, Mr. Barlow was now faced not only with a very tight 
time schedule in which to ready the deployment system, but also with the task 
of redistributing the workload of the central retarder development. The 
problem had become a crisis. The hiring and training of a new staff member 
would have required many months and was obviously not feasible at this time. 
As a result, he reassigned the deployment system as an additional responsibility 
to other members of his group. The central retarder was given to Mr. E. Floyd 
for further work and the deployment springs to Mr. J. Randall. 

Mr . Floyd, a mechanical engineer on Mr. Barlow's staff who had been 
with JPL for some years, was Cognizant Engineer on the Mariner C scan actuator 
drive. He had a large amount of experience in solving unexpected design 
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which was pen I of the attitude control subsystem. 

Mr. Floyd continued to carry out the various recommendations of the Design 
Review Board. Working on an overtime basis, he gradually developed a workable 
unit. Mr. Randall decided to work with clock springs rather than the negator 
leaf springs Mr. Elliot had used because there was a better established technology 
for clock springs . 

In March 1964, tests were begun on the revised central retarder deployment 
system together with the cruise dampers and latches which had been developed. 
The retarder is shown in Exhibit B-2. The purpose of these tests was to observe 
the entire solar panel release, opening, and latching sequence. Tests were 
conducted by positioning the spacecraft on its "side". The two panels with 
vertical hinge axes were then released and allowed to move to the latched 
position. When the tests were carried out, the panels stopped short of latching 
onto the cruise dampers. After some analysis, the engineers came to the con- 
clusion that each of the deployment system components was performing to its 
requirements, but that the component requirements were inconsistent. Another 
result of the tests was that the panels were not damaged when they were allowed 
to deploy unretarded in air. The deployment time was 5 1/2 seconds, and the 
cruise dampers and latches were considerably overloaded, but without any 
serious effects. 

Encouraged by the test results, Mr. Barlow decided to further investigate 
the possibility of letting the panels deploy unretarded. He knew that the 
terminal velocity of the panels in space would be considerably greater than that 
in air, but if this free-fall scheme worked, it would increase the reliability of 
the system and decrease its weight. Mr. Barlow assigned the detailed investiga- 
tion of the idea to Dr. P. Lyman who up to now had been engaged in the devel- 
opment of the cruise damper. The general approach was to calculate the capacity 
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of the solar panel, all of its associated hardware and the octagon structure to 
survive the opening shock. This would yield the allowable deceleration rate. 
The cruise dampers would then be redesigned to provide the desirable decel- 
eration characteristics^ a test program would be conducted to verify the 
approach. After a high confidence had been achieved a final test would be 
run in a vacuum chamber using all flight type equipment. In addition, Mr. 
Barlow established the following ground rules to be followed in the free-fall 
development program: 

1 . Each solar panel shall have two deployment springs, each of 
wh.ch is capable of accompl ishing panel deployment. 

2. All hardware must be capable of handling the load imposed 
w.th both deployment springs operating at the maximum speci- 
tied torque. 

3. There shall be no changes in the solar panel with the possible 
except.on of an extra bolted-on doublet in the latch area. It 
must be remembered that the panel will be fully equipped with 
solar cells in place at the time this modification is made (if it 
is made) . 

4. There shall be no changes to the electronic chasis or its mount- 
ing w.th the exception of longer bolts for installation of the 
cruise damper. 

5. If at all possible, the damping factor and the spring rate of the 
cru.se damper, when acting as a cruise damper shall not be 
changed. 



Meanwhile, Mr. Floyd and Mr. Randall worked on the latching problem 
revealed by the tests. In order to get the panels to latch to the cruise dampers, 
they increased the deployment torque on the panels by increasing the number 
of deployment springs used. This, along with other features added to solve various 
problems, increased the weight and complexity of the central retarder system. 
One member of the Design Review Board compared the central retarder with the 
original linear actuators used on the Ranger/Mariner II and came to the conclusion 
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that the linear actuator scheme was slightly better than the central retarder desi 

In April 1964, Randall and Floyd finished their revisions on the central 
retarder system and began testing a prototype. The tests revealed no serious 
difficulties or additional problems, so they initiated the fabrication of flight 
hardware. 



After completing a dynamic analysis of free-fall deployment,. Dr. Lyman 
decided that the free-fall approach was feasible. Exhibit B-4 shows his analysis. 
During the months of April and early May of 1964, Dr. Lyman continued to inves- 
tigate the required change* necessary to use the available Mark I cruise damper 
with the free-fall system. The changes allowed at this late date had been speci- 
fied by Mr. Barlow and have been listed above. The mandatory change was to 
provide sufficient stroke, i.e., energy dissipation, to the damper so that it would 
not "bottom-out" thus preventing shock loads from being transmitted into the bus 
or the solar panel . The biggest question that had to be answered was whether or 
not the spacecraft midcourse firing damping requirements were compatible with 
the retardation requirements for panel deployment. The energy which must be 
removed from the moving solar panels is just the change in potential energy of 
the panel deploy springs. The maximum stroke of the damper was limited by geo- 
metrical interface constraints between the solar panel and the bus. The spring 
rate of the damper springs was determined by the panel frequency requirements. 
With these parcmei-ers defined, or at least bounded, the analysis of the panel 
deploy dynamics mentioned earlier was performed with the gratifying result that 
the system requirements were not completely inconsistent. To implement the system 
it was necessary to ask the spacecraft System Engineer for a change in the panel 
damping requirements from a damping ratio of 0.6 to 1 .0 matched to five per cent, 
to a ratio of 0. 15 to 0.70 matched to within ten per cent which was, indeed, 
compatible with the spacecraft autopilot control. (Exhibit B-5 shows the installed 
cruise damper about to be latched to the solar panel .) 
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In May 1964, the Design Review Board met to discuss the progress of the 
free-fall concept. The members agreed that this concept complied with essentially 
all the original ground rules for the project. The net weight saved would be 2 .41 
pounds. The Board outlined an extensive and tightly scheduled testing program 
which included vacuum chamber tests. At this time, the central retarder was already 
a working system and flight hardware was being manufactured. However, the 
most probable failure mode of the central retarder was still the free-fall mode. 
The central retarder system was still called "primary" because another system 
could not be chosen until it had been proved. 

According to the Design Review Board, a final comparison of the central 
retarder system with the free-fall system revealed: 

1 , With the free-fall system, far fewer failure modes exist. As 
a matter of fact, it was not possible to conceive of a single 
failure mode, assuming that the pin pullers would release the 
panels, where the free-fall system could abort the mission. 
With the retarder, there were such failure modes. 

2. Reliability of the free-fall system is inherently greater. 

3. A source of oil contamination due to the central retarder is 
eliminated by using the free-fall system. 

4. Use of the free-fall system would reduce the spacecraft weight 
by 2 .4 pounds . 

5. The decision to utilize the free-fall system is reversible. In 
fact, should the vacuum deployment test result in surprise 
damage to the solar panels or structure, the retarder and four 
spring actuators could be reinstated without reinstating the 
old cruise damper. Thus the improved damper with its added 
ability to prevent many retarder failure modes could be used 
in any event. 

In June 1964, the Design Review Board recommended that the free-fall 
system be made "primary" and made an Engineering Change Request. The central 
retarder would be the back-up system. Tests of the free-fall system revealed no 
further problems, and witnesses to these tests described them as "rather dull to 
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watch . " 

The first launch of the Mariner C on November 5, 1964 was a failure because 
of a launch vehicle shroud separation problem. The second launch, in November 
of 1964, was successful and the spacecraft (now designated Mariner IV) performed 
almost perfectly. It passed within 6120 miles of the Martian surface on July 15, 
1965. It returned 325.5 million bits of scientific data including photographs such 
as that shown in Exhibit B-6. The spacecraft functioned normally until December 
1967 at which time it expended its supply of attitude control gas. 
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Development of the Mariner C Solar Panel and its Deployment System 
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Exhibit B-l 


Photograph, Torsion Bar Actuator 


Exhibit B-2 


Photograph, Central Retarder 


Exhibit B-3 


Summary, Failure Mode Analysis 


Exhibit B-4 


Dynamic Analysis of Free-Fall Deployment 


Exhibit B-5 


Photograph, Installed Cruise Damper 


Exhibit B-6 


Photograph, Martian Surface 
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